The transport mechanism of protein-based bioactive compounds (a peptide fraction from whey protein concentrate, glycomacropeptide and lactoferrin), from chitosan films to liquid medium, was studied. Mathematical models were used to discuss the transport mechanism. Data from release experiments was successfully described by a model which accounts for both Fick and Case II transport -the linear superimposition model. Results show that the mechanism of transport and the effect of temperature and peptide type could be related with physical properties of chitosan films where the tested bioactive compounds were incorporated. The approach presented here allows interpretation of the phenomena involved in mass transport in the systems studied and, once extended to other systems, may contribute to an understanding of transport in hydrophilic bio-polymeric matrices.
Introduction
Environmental concerns, the increasing cost of raw materials and public awareness on environmental issues led to an increase of research on the use of biodegradable polymers from renewable sources to replace synthetic materials. These materials are mainly applied in: (i) the development of controlled drug release systems (Kakizawa et al., 2010 ) -biocompatibility and toxicological safety are also important features of such materials (Parveen and Sahoo, 2008) and (ii) packaging of foods (Park, 1999; Rojas-Graü et al., 2009 ) -the more recent concept of ''active packaging'' (Buonocore et al., 2003) also captured the attention of packaging scientists to controlled release of active substances from polymeric systems.
Pure diffusion, polymer matrix swelling, polymer erosion and degradation are mechanisms that lead to compound release from polymeric devices (Faisant et al., 2002; Jain, 2000; Polakovic et al., 1999) . Depending on both the system (polymer/active compound) and environmental conditions, a different mechanism may prevail.
Understanding the different release mechanism may be crucial for product development and its potential applications: for instance, structure of the polymeric network -like crystallinity or film thickness -is expected to influence transport phenomena.
Literature reports diffusion of antimicrobials (Del Nobile et al., 2008; Flores et al., 2007) , antioxidants (Heirlings et al., 2004; Siró et al., 2006) and drugs (Liu et al., 1995; Siepmann et al., 2002 ) from bio-polymeric films to liquid media; and some works have reported diffusion of molecules in solid polymeric matrices, recurring to techniques such as fluorescence recovery after photobleaching (FRAP) (Hagman et al., 2010; Karbowiak et al., 2006) . However, few data can be found on transport properties of molecules such as bioactive peptides and proteins, especially in liquid media. Moreover, investigation of the relationship between the films physical properties and the release behavior is seldom reported.
Bioactive peptides and proteins can present a diverse range of biological activities, namely: (i) the hydrolysates produced from whey protein concentrate (WPC) show antihypertensive properties (Mullally et al., 1997) , (ii) glycomacropeptide (GMP), a peptide derived from k-casein, exhibits antibacterial activity, modulates the immune system responses and regulates blood circulation (Thomä-Worringer et al., 2006) or (iii) lactoferrin, a glycoprotein, shows antimicrobial, anti-inflammatory and anticancer activities (González-Chávez et al., 2009 ). Chitosan, a natural polysaccharide obtained by deacetylation of chitin, has been proved to be nontoxic, biodegradable, and biocompatible and has been extensively used to produce biodegradable films for both food (Bégin and Van Calsteren, 1999; Souza et al., 2009 ) and medical applications (Shi et al., 2009; Shu et al., 2001) .
Due to its excellent properties chitosan is often used as carrier for bioactive compounds (Pranoto et al., 2005; Siripatrawan and Harte, 2010) and since it is edible it may be applied on food products and consumed by humans. It is thus important to understand the transport behavior of bioactive compounds during digestion. The research reported in this paper is a preliminary study of diffusion in liquid media at different isothermal conditions and aims at unraveling the transport mechanism in chitosan films used as carriers for protein-based bioactive compounds. Mathematical models were used to discuss the transport mechanism. The phenomena observed were discussed against the previously determined physical properties of the films (Bourbon et al., 2011) .
1.1. Theoretical considerations 1.1.1. Mass transport phenomena in hydrophilic polymeric matrices When immersed in liquid media, hydrophilic polymers gradually start to hydrate, causing relaxation of the polymer chain with consequent volume expansion, i.e. swelling, and therefore this will influence the transport mechanism of compounds from the polymeric matrix (Berens and Hopfenberg, 1978; Flores et al., 2007; Siepmann et al., 2002) .
Then, the mechanisms associated with mass transport in polymeric systems may be generally classified as of three different types: ideal Fickian diffusion; anomalous behavior and Case II transport.
Fickian diffusion involves a substantially stochastic phenomenon (related to Brownian motion), in which the penetrant flow is exclusively driven by a concentration gradient. Case II transport, describes behavior where compound release is due to a relaxation phenomenon driven by the distance of the local system from the equilibrium. Anomalous diffusion is used to identify behaviors departing from Fickian and Case II transport (Del Nobile et al., 1994) .
The relative contribution of diffusion and relaxation can be affected by the dimensions of a polymer specimen (Vrentas et al., 1975) . Also, such relative contribution may be affected by environmental conditions, like temperature and concentration interval in a given penetrant/polymer pair (Berens and Hopfenberg, 1978) . For biopolymers incorporated with protein-based materials -typically constituted of crystalline and amorphous phases -the film microstructure will also affect the transport mechanism (Vesely, 2008 ).
Modelling mass transport in polymeric matrices
In order to assess the transport properties of the active ingredient inside the polymeric matrix, it is important to use mathematical models that describe the physical mechanism without unnecessary mathematical complexity (Bates and Watts, 1988) . This can be done on the basis of experimental data observation and fitting procedures. Several authors have proposed mathematical relationships to describe compound release from a hydrophilic polymer (Berens and Hopfenberg, 1978; Peppas and Sahlin, 1989) .
To account for both Fickian and Case II transport effects on the observed anomalous behavior in hydrophilic matrices, a linear superimposition of both mechanisms can be used (Berens and Hopfenberg, 1978) . This approach was applied in studies of transport properties of tapioca starch (Flores et al., 2007) , of agarose gels (Sebti et al., 2004) and in the studies of the kinetic sorption behavior of gases in films (Visser and Wessling, 2007) .
The linear superimposition approach assumes that the observed transport of molecules within the polymer can be described by the sum of the molecules transported due to Brownian motion with the molecules transported due to polymer relaxation (Berens and Hopfenberg, 1978) :
where M t,F and M t,R are the contributions of the Fickian and relaxation processes, respectively, at time t.
Mass transport related to Brownian motion in a thin slab of polymer immersed in a sufficiently large amount of water, can be described by the solution of Fick's second law for a plane sheet with constant boundary conditions (Crank, 1975) . As for polymer relaxation, it is driven by the swelling ability of the polymer, i.e. by the configuration of the system at any given time related to the configuration of the maximum swelled matrix (i.e. at equilibrium). The relaxation process is then related to the dissipation of stress induced by the entry of the penetrant and can be described as a distribution of relaxation times, each following a first ordertype kinetic equation (Berens and Hopfenberg, 1978) . Hence, compounds release from a hydrophilic polymer slab can be described by:
where k F and k R are Fickian diffusion and relaxation rate constants, respectively. In order to evaluate the physical mechanisms involved in the bioactive compounds release it is necessary to use a model that successfully describes the individual contributions of the diffusion and the relaxation processes.
Using the appropriate modification, the ''general'' model (Eq. (2)) can then be used to describe pure Fickian (M 1,F -0 and i = 0); anomalous (M 1,F and i -0) or Case II (M 1,F = 0 and i -0) transport.
Experimental section

Experimental procedures
Protein-based bioactive compounds
Three bioactive compounds were incorporated into chitosan films: a peptide fraction hydrolyzed from whey protein concentrate (WPC), glycomacropeptide (GMP) and lactoferrin. The peptide fraction was obtained from hydrolysis of WPC according to Bourbon et al. (2011) . Commercial GMP and lactoferrin were obtained from Davisco Food International, Inc. (Le Sueur, USA) and DMV International (USA), respectively.
Preparation of chitosan films with incorporated bioactive compounds
Chitosan edible films were prepared by dissolving 2% (w/v) chitosan (90% deacetylation, Aqua Premier Co., Thailand) in a 1% lactic acid (Merck, Germany) solution and stirred, at room temperature, until the chitosan was completely dissolved. Glycerol at 1% (w/v) (Panreac, Spain) and Tween 80 at 0.2% (w/v) (Acros Organics, Belgium) were added to plasticize the film. The pH of the film forming solution was 4.5.
The bioactive compounds were incorporated into chitosan filmforming solutions at a concentration of 1% (dry basis). In order to obtain films with a similar thickness, a constant amount (28 ml) of the chitosan solutions was casted in 8.5 cm plates and dried in an oven at 35°C, overnight. The films were stored at 20°C (controlled by laboratory air conditioning system) and 53% RH (obtained by equilibration in a dessicator with a saturated salt solution of Mg(NO 3 ) 2 , under vacuum), until further use. The dried films were peeled intact from the casting plates.
Determination of peptides and proteins release kinetics
The produced peptide-containing films were cut in 2 cm Â 2 cm squares. The squares obtained from three films, weighting approximately 3.2 g, were immersed into an appropriated amount of distilled water (1:100), at a constant temperate (4, 16, 25°C), under moderate stirring (300 rpm). Release kinetics was evaluated by monitoring the concentration of the bioactive compounds in the surrounding solution until an equilibrium value was reached. The concentration of peptides and proteins was assessed by measuring the absorbance (Elisa Biotech Synergy HT, USA) at 280 nm for WPC hydrolysates and lactoferrin (Liang and Bowen, 2005) and 230 nm for GMP (Nakajima et al., 2005) . For each experimental condition, at least three true replicates were conducted.
Statistical procedures 2.2.1. Non-linear regression analysis
The linear superimposition model (Eq. (2)) was modified and fitted to the experimental data by non-linear regression analysis, using a package of STATISTICA™ v 7.0 (Statsoft. Inc., USA). The Levenberg-Marquardt algorithm for the least squares function minimization was used.
The modifications of Eq. (2) were aimed at mathematical simplification and accurate description of the physical phenomena involved in the transport form the matrix to the liquid media:
The diffusion of part of the compounds by Fickian behavior was always assumed part of the mechanism (i.e. M 1,F was always -0). As a first approach, only the first term of the series was used (n = 0). The estimated k values lead to Fourier numbers >0.2 (Rathore and Kapuno, 2011), -results not shown -indicating that this was a correct approximation and hence used in all regressions.
As for the relaxation part of the model (M t,R ), it was modified depending on the tested transport mechanism: (i) assuming that transport was due only to concentration gradient and chitosan film relaxation had no effect on the transport mechanism (i.e. Fick's behavior; i = 0); (ii) transport was due to the sum of concentration gradient and one main type of relaxation of the film (i = 1); and (iii) there was a contribution of Fick's diffusion and two different types of polymer relaxation for the release of compounds from the film (i = 2).
The quality of the regressions was evaluated on the basis of the determination coefficient, R 2 , the squared root mean square error, RMSE (i.e., the square root of the sum of the squared residues (SSEs) divided by the regression degrees of freedom) and residuals visual inspection for randomness and normality. R 2 and SSE were obtained directly from the software. Adjusted R 2 was also calculated in order to account for the number of explanatory terms when comparing different models. The precision of the estimated parameters was evaluated by the Standardized Halved Width (SHW%), which was defined as the ratio between the 95% Standard Error (obtained from the software) and the value of the estimate.
Results and discussion
Mathematical modelling of active compounds release from hydrophilic thin films
Accurate mathematical modelling of transport phenomena is important for the design of packaging systems and of bioactive compound carriers, since it may allow predicting behavior during shelf-life and product preparation or consumption. In this work, we studied the description of experimentally obtained data by linear superimposition model.
As described above, the linear superimposition model (Eq. (2)) was modified to assume different physical mechanisms of transport and fitted to the experimental data. Fig. 1 shows an example of model description for the three cases. It can be observed that Fick's behavior alone (i = 0) is unable to describe the experimental data and, hence, the physical mechanism of the transport phenomena involved here.
As for anomalous transport considering one main relaxation (i = 1) or two relaxations (i = 2), both models were able to predict the experimentally observed behavior (Fig. 1) . Tables 1a and 1b show the results of fitting Eq. (2) to the experimental data (considering one main relaxation, i = 1 and two governing relaxations, i = 2). Both models presented similar residues distribution, showing compliance with regression analysis underlying assumptions (Bates and Watts, 1988 ) -results not shown.
From a mathematical point a view, the model considering two relaxations presents a better regression result: adjusted R 2 are up to 7.5% higher compared with the adjusted R 2 for the model with one relaxation and RMSE is reduced up to 40%. However, the quality of estimated parameters -evaluated by SHW (%) -worsens for the model with two relaxations. Moreover, as for the model description of the transport phenomena, model i = 2 leads to parameters without physical meaning, e.g. estimated mass released by Fickian process of lactoferrin at 16°C is a negative value. The quality of estimated parameters in both models could be improved if different regression approaches were to be used. However, for comparison purposes of both models (i = 1 and i = 2) this information is sufficient -developing strategies for confidence interval minimization was out of the scope of this research.
Such strategies generally include not presenting the total mass released, but reporting M t /M 1 (Brandao et al., 2001 ). However, understanding the effect of environmental conditions on the total mass released from a system can be of utmost importance when considering toxicological effects of accumulation of bioactive compounds (Bailey, 1983) .
These results, together with the ''less complexity rule'' of mathematical modelling, allow concluding that mass transport of these protein-based compounds through chitosan films is essentially governed by anomalous behavior and that only one main relaxation, influencing transport, occurs in the polymeric matrix.
Transport phenomena of active compounds release from hydrophilic thin films
The accurate mathematical description of compounds release from chitosan films also allows an interpretation of the physical phenomenon based on estimated parameters. Fig. 2 shows the main tendencies of estimated parameters (from Eq. (2), for i = 1) with both temperature and type of peptide.
Regarding the Fickian component of the transport, it can be observed that the total mass released via Fick's transport (M 1,F ), increases with increasing temperature (Fig. 2a) . As for the effect of peptide type on the mass released via Fick's transport, we can observe a tendency for decreasing the total mass released with increasing peptide molecular weight (Table 2) .
Fickian rate of diffusion, k F , increased with temperature ( Fig. 2b ) but it was not possible to observe and Arrhenius type dependency. However, main tendencies allow inferring that with peptides' decreasing molecular weight, a sharper effect of temperature is observed for this parameter. Similar results have been described in literature, where diffusion rate constant (k) of acetic acid and propionic acid from chitosan films increased with temperature, following in that case an Arrhenius-type dependency (Ouattara et al., 2000) : Higher activation energy was obtained for acetic acid (lower molecular weight), i.e. the sensitivity to temperature increase was lower in higher molecular weight compounds (the propionic acid).
As for the relaxation component of transport, relaxation rate of diffusion (k R 1 ), was constant with temperature and similar for the different peptides (Fig. 2d) . This should be expected since this is a property of the polymer and not of the molecule diffusing the polymer (Vrentas et al., 1975) . As for the mass released via relaxation (M 1;R 1 ), different behavior for the different peptides was ob-served (Fig. 2c) . Again we observed a tendency for decreasing the mass released with increasing peptide molecular weight. However, this parameter response to temperature increase was dependent on the peptide: in WPC fraction and GMP, M R increased with temperature ( Fig. 2c ) (I and II) and lactoferrin, M 1;R 1 was constant (Fig. 2c) 
(III).
In a previous work, our group characterized the peptides used in this study and investigated the effect of their addition on the thermo-mechanical and microstructure properties of the obtained films (Table 2, Bourbon et al., 2011) . Considering our previous results, the observed differences in M 1;R 1 behavior with temperature and peptide type, may be related with the film physical characteristics. 
Table 1a
Fitting the linear superimposition model (LSM) (modified Eq. (2)) to experimental data: quality of the regression on the basis of RMSE and R Table 1b Fitting the linear superimposition model (LSM) (modified Eq. (2)) to experimental data: estimated parameters and evaluation of estimate precision using the SHW% (in parentheses).
Bioactive compound Temp.
LSM -one relaxation (i = 1) LSM -two relaxations (i = 2) Comparing the two films where a temperature dependence was observed (with GMP and WPC fraction), total mass released by relaxation of GMP (Fig. 2c) II) was more sensitive to temperature than the mass released by relaxation of the WPC fraction (Fig. 2c) I ). This was somehow unexpected: since GMP has a higher molecular weight one could envisage lower temperature sensitivity, as observed in Fickian behavior (see discussion above).
Moreover, from Table 2 , we see these two films do not have significantly different properties: Elongation at Break, Tensile Strength, Crystallinity and film thickness are identical. However we could observe by confocal laser scanning microscopy (Bourbon et al., 2011) that GMP is dispersed in the film homogeneously while WPC fraction is heterogeneously dispersed in the matrix. This structural difference may influence the relaxation behavior and thus the mass released: the peptide that is heterogeneously dispersed (WPC fration) may be ''trapped'' in some regions of the polymeric system, thus minimizing temperature dependence of the transport phenomenon.
The total mass released via relaxation of lactoferrin, M 1;R 1 , was constant with temperature ( Fig. 2c) III) , indicating this compound is interacting with the polymeric matrix in a totally different way in the studied temperature range. Previous results showed lactoferrin films were significantly different from the WPC and GMP films (Table 2) . They were (i) thinner -maximizing the distance of the system to the equilibrium and thus promoting Case II transport; (ii) more crystalline -increasing the free volume (and thus mobility) on the amorphous part of the system (where the lactoferrin is dispersed); and (iii) more deformable (higher EB), favoring relaxation at even low temperatures.
This effect of the type of film did not only affect the mass released by relaxation, but also the percentage of peptide released from the film, which followed the same temperature and molecular weight tendencies. Overall, this percentage ranged from 14 to 92%, showing great potential for developing products with different characteristics and reaction to environmental conditions.
The results obtained in this paper allow us to propose a simple mathematical model for describing bioactive compounds release from a bio-polymeric matrix. The model allows clarifying the transport mechanism, which is related with the polymeric matrix physical characteristics. 
Table 2
Thermo-mechanical and microstructure properties of the chitosan films with bioactive compounds incorporated (results from Bourbon et al. (2011) 
Conclusions
The transport mechanism of bioactive compounds in chitosan films has been identified and quantified. The release of such compounds from chitosan films was successfully described by a simple mathematical model which accounts for both Fickian and Case II mass transport -i.e. anomalous behavior.
The model allowed clarifying the transport mechanism, which is related with the polymeric matrix's physical characteristics. In fact, it was possible to conclude that, in these cases, mass transport is affected by one main relaxation -i.e. molecular rearrangement due to swelling -of the chitosan matrix.
The mechanism of transport -effects of temperature and peptide size -was successfully correlated with physical properties of the chitosan films.
These results contribute to a deeper understanding of the phenomena involved in mass transport in hydrophilic bio-polymeric matrices and may be used e.g. in food and pharmaceutical applications for studies on shelf-life of products and of health issues upon food/drug consumption/ingestion.
